Erbium-167-doped yttrium orthosilicate is an ideal candidate for a microwave-addressed quantum memory due to its telecom wavelength optical transition and hyperfine structure with and without an applied magnetic field. However, to date there has been little investigation in coherence times for transitions around zero magnetic field, or for hyperfine structure other than from the ground state. Through the use of Raman heterodyne spectroscopy, we have identified transitions at zero magnetic field with a small dependence on field that are suitable for detecting spin echoes for both the ground and excited state. We measured coherence times of transitions at 879.4 MHz and 896.7 MHz as 370 µs and 1.4 ms respectively at 3.2 K. This is a 100-fold increase in coherence time compared to previous measurements at the same dopant concentration and 200 times greater than the even isotopes of erbium-doped yttrium orthosilicate previously used to demonstrate a microwave memory.
Rare-earth ion doped crystals are attractive candidates for making quantum memories in addition to other quantum information applications due to their long coherence times for both optical [1] and spin [2] transitions. Transitions with zero first-order Zeeman shift (ZEFOZ) [3] have been shown to give very long coherence times, such as 6 hours for the nuclear spins of europium-151-doped yttrium orthosilicate (Y 2 SiO 5 ) [2] .
Long spin coherence times are favorable for applications like quantum memories, but other aspects of the system must be considered for practical implementations. Ideally, the rare-earth ion should possess an optical transition in the telecommunications band. Erbium ions (Er 3+ ) have a unique optical transition at 1.5 µm, allowing the direct use of existing telecommunications infrastructure. In particular, erbium-doped yttrium orthosilicate (Er 3+ :Y 2 SiO 5 ) is of interest as the yttrium ions are the only species in the host material, Y 2 SiO 5 , that possess a magnetic moment (aside from uncommon isotopes of silicon and oxygen) [4] . This reduces dephasing of the doped ions due to the host lattice.
However, Er 3+ is a Kramers' ion -it has an unpaired electron. As a result, the magnetic moment of erbium is larger than that of non-Kramers' ions like europium, inhibiting its coherence time. This can be counteracted by applying a large external magnetic field, as demonstrated by Rančić et al. [5] , where a 7 T field and cooling to a temperature of 1.4 K was used to freeze out the electron spin and obtain a coherence time of 1.3 [7] . Erbium-167 has a nuclear spin of 7/2 and an effective electron spin of 1/2, resulting in 16 hyperfine levels in the lowest doublet of the 4 I 15/2 ground state. The measurements made at high fields in Ref. [5] utilized transitions between two states with good quantum numbers of nuclear spin. Unlike at high fields, at low fields the electron and nuclear spin states are mixed. Therefore low-field transitions can occur between different electron spin states and thus have much stronger transition strengths than nuclear spin states and are more suitable for microwave-addressed quantum memories.
Electron paramagnetic resonance (EPR) techniques have been used to measure the coherences times of 4.4 µs and 5.6 µs with a field of 246 mT at 1 K and 30 mK [8] respectively and coherent Raman beat measurements identified a sublevel coherence with a coherence time of at least 50 µs [9] at zero magnetic field.
The coherence time of 167 Er 3+ :Y 2 SiO 5 can be extended by using ZEFOZ points, which exist from zero field to high field. In order to determine the location of ZEFOZ points, an accurate model of the energy levels in the form of a spin Hamiltonian is required. Unfortunately standard continuous wave EPR signals that have been used to characterize the spin Hamiltonian to date [10, 11] disappear at ZEFOZ transitions, inhibiting the modelling of these transitions.
Instead, Raman heterodyne spectroscopy [12, 13] can be used to characterize the hyperfine structure as it is capable of measuring ZEFOZ transitions from anticrossings that would otherwise not be detected [11] and it works even at zero field unlike conventional EPR. It has been used to characterize many non-Kramers' systems [14] [15] [16] [17] [18] , and can be used to measure spin echoes [12, 13] . We have previously shown that Raman heterodyne can also be used on Kramers' ions [19] .
In this Letter we perform Raman heterodyne spectroscopy on 167 Er 3+ :Y 2 SiO 5 at low fields and demon- strate the utility of Raman heterodyne for detecting spin echoes from both the electronic ground and 4 I 13/2 excited state. We measure hyperfine structure from both the ground and excited states, which is useful for modifying or determining spin Hamiltonian paramters for both states, particularly the seldom studied excited state.
For our experiments, we use a cylindrical 167 Er 3+ :Y 2 SiO 5 sample (Scientific Materials Inc.), which has a length of 12.0 mm and a diameter of 4.95 mm. 50 parts per million of the Y 3+ ions are substituted with 167 Er 3+ ions, which can be found in either of two crystallographic sites. Each of the two sites occurs in two different orientations related by the crystal's C 2 (or b) axis and our setup only detects transitions from what is referred to as site 1 [20] . As is convention for this material we use the coordinate system defined by the principle axes of polarization, D 1 , D 2 , and b [21] .
The sample is placed inside a tunable microwave resonator [ Fig. 1 (b) ] made from aluminum, which is based on a single-loop, single-gap design [22] . The resonant frequency can be changed by adjusting the position of a plunger to vary the size of the gap d, similarly to Ref. [23] . The resonant frequency of this particular cavity can be tuned in a range of about 700 MHz to 1200 MHz.
Inside the resonator, the sample is oriented as shown in Fig. 1 (b) . A small misalignment of the D 1 and D 2 axes from the horizontal and vertical axes of resonator is to be expected, but this has not been measured. At resonance, the radio frequency (RF) magnetic field oscillates along The resonator is placed inside a homebuilt cryostat (cooling head: Cryomech PT405). A high temperature superconducting vector magnet (HTS-110 Ltd.) provides a magnetic field inside the cryostat.
To perform Raman heterodyne measurements, we use microwaves generated by a network analyzer to drive hyperfine transitions in 167 Er 3+ :Y 2 SiO 5 inside the aforementioned resonator. The resonator is kept at a fixed frequency for these measurements as its linewidth is sufficiently broad such that transitions a few hundred MHz away from the resonant frequency can be detected. The 4 I 15/2 to 4 I 13/2 transition is driven optically with a fiber laser . The Raman heterodyne signal is then detected by a photodiode, and the beat signal is recorded using the same network analyzer. Note that the hyperfine transitions of both the ground and excited state are driven by the resonator, so we are able to measure the hyperfine structure from both electronic states.
An example of the measured Raman heterodyne spectra as a function of magnetic field is shown in Fig. 2 , where Fig. 2 (a) shows the spectra for a large range of magnetic field values, and Fig. 2 (b) and (c) show particular transitions of interest for smaller field and frequency ranges. Around 880 MHz [Fig 2 (b) ], there are four transitions: a doublet at zero field at 879. 4 MHz that appears to be degenerate, and the other two appear over the top, forming a kite-like shape around zero field. The transitions at 879.4 MHz have been reported previously [4] , albeit just as one transition. Figure 2 (c) shows the higher frequency transitions, which is another doublet that appears to be degenerate, this time at 896.7 MHz at zero magnetic field.
The aforementioned transitions are not ZEFOZ transitions -close inspection of Fig. 2 (b) and (c) shows that the transitions at 879.4 MHz and 896.7 MHz have some first-order dependence on magnetic field. However, other transitions we found in the 600 to 1200 MHz region that were ZEFOZ transitions had too high curvatures to be suitable for obtaining long coherence times. The transitions at 879.4 MHz and 896.7 MHz had a sufficiently small first-order dependence on magnetic field [see Fig. 2 (a) ], so we instead investigated the spin coherence times of these transitions.
To measure the coherence times on these transitions, we use the standard two-pulse spin echo technique [24] as well as a dynamic decoupling pulse sequence [25] . The setup for these pulsed experiments is the same as in Fig. 1 , except that instead of the network analyser, a pulsed microwave source is used, and the resulting Raman heterodyne beat signal is analyzed in the time domain by employing a chain of mixers to obtain a 10.7 MHz signal suitable for digitization.
The pulse sequences used are shown in Fig. 3 (a) . Initial two-pulse spin echo measurements (RF1) were made on both doublets of selected transitions, with π-pulse lengths of 2 and 6 µs, and the laser frequencies ω o of 195115.56 and 195115.67 GHz for the transitions at 879.4 MHz and 896.7 MHz respectively. The frequency of the resonator was tuned to the frequency of the pulses. In order to determine the coherence times, the signal of the echo was analyzed in the Fourier domain. From this, the echo intensities can be determined for different pulse delays τ .
The resulting fitting to the log of the echo intensities can be seen in Fig. 3 (c) and (e). We obtain a value for T 2 by fitting the decay of the echo intensity to exp(−4τ /T 2 ) [26] . Measurements were made at both transition frequencies, and at different temperatures, where the colder measurements yielded longer coherence times -22 µs at 4.4 K versus 67 µs at 3.2 K for ω µ = 879.4 MHz, and 80 µs at 4.6 K versus 300 µs for ω µ = 896.7 MHz.
As can be seen in Fig. 3 (c) and (e), the decay of the two-pulse echoes is not perfectly exponential. This suggests that using a dynamic decoupling pulse sequence (RF2) can extend the coherence time [27] . For these measurements, the same pulse lengths and laser frequencies were used, with τ = 17 and 46 µs for ω µ = 879.4 and 896.7 MHz respectively. Examples of the resulting echoes can be seen in Fig. 3 (b) and (d) . The portion of the Raman heterodyne signal that contains the echo is shown in dark blue, with the rest of the signal still visible. There is a clear modulation in the echo envelope that is not present in the two pulse measurements. This is due to the apparent degeneracy of the transitions at zero field.
Again, the echo signal was analyzed in the Fourier domain, this time determining the echo intensity and thus T 2 for each transition of the doublet separately. An example of the fitting to the echoes is shown in Fig. 3 (c) and (e), where τ = 17 and 46 µs respectively. These values of τ gave us the longest values T 2 . For ω µ = 879.4 MHz, we obtained coherence times of 370 and 380 µs, and for ω µ = 896.7 MHz, 1.45 and 1.37 ms. Although these values for T 2 differ between the members of the same doublet, they are close enough to be the same within experimental error. Comparatively, for the same Er 3+ concentration, Hashimoto and Shimizu obtained a coherence time of 12 µs [9] .
The main limit to the coherence time in our experiments is the magnetic field fluctuation from Er-Er flipflops. The large magnetic field and low operating temperature aided in obtaining the long coherence time in [5] by freezing the Er spins. Our results also show this dependence on temperature. Decreasing the concentration of Er 3+ ions can also reduce the number of Er-Er flip-flops [28] . In the case of the coherent Raman beat analysis on the transitions at 879.4 MHz, decreasing the Er 3+ ion concentration by a factor of 5 resulted in an increase in sub level coherence by approximately a factor of 4 [9] . In our case, reducing the Er 3+ ion concentration by a factor of 5 could result in an increase in coherence time by a factor of 25 [29] . In principle, the Er 3+ ion concentration can be reduced to extend the coherence time until the neighboring yttrium ions become the largest source of dephasing instead.
As the resonator is capable of being tuned over a wide range of frequencies, we measured a plethora of spectra from 600 to 1200 MHz. These spectra can be compared with predictions from recently determined spin Hamiltonian parameters [11] for the hyperfine levels of the 4 I 15/2 state.
One such comparison with our data can be seen in Fig. 4 . The doublet at 897.4 MHz is present in the predictions from this spin Hamiltonian, albeit with a shift in the zero field frequency of about 16 MHz. The spin Hamiltonian suggests that there is an avoided crossing between the two transitions, but the size of the avoided crossing is smaller than the linewidths we have observed in our experiments.
Previous hole burning measurements have also identified that the 879.4 MHz transitions are from the ground state [4] . In order to confirm which electronic state the transitions came from, we varied the dark time (τ d ) between turning the laser off and applying the RF pulses. As we increased this delay, the echo from the 896.7 MHz transitions decayed at a rate consistent with the 11 ms excited state lifetime [30] , suggesting it comes from the excited state. Comparatively, the echoes from the 879. 4 MHz transitions persisted for at least 60 ms, consistent with the previously reported hyperfine lifetime for these For all pulse sequences, the laser is switched off during the RF pulses, and gated on when the echo is expected to appear. RF1 corresponds to the two pulse spin echo sequence, where the delay between pulses τ is varied to obtain the echo height as a function of 2τ . RF2 corresponds to the dynamic decoupling sequence used, where the number of pulses N is increased and the echo height is measured as a function of the total time T since the π/2 pulse. Examples of echoes from dynamic decoupling (RF2) transitions [4] . Note that the 896.7 MHz transitions and the kite-like transitions near 880 MHz are not present in the predictions from the spin Hamiltonian, suggesting they come from the excited state. We can calculate the strength of the transitions at 879.4 MHz using the spin Hamiltonian [18] . Doing so gives values of 300 and 440 MHz/T for each transition, which is much larger than the nuclear magneton (7.6 MHz/T), i.e., these transitions are stronger than nuclear spin state transitions. The excited state spin Hamiltonian is currently not known, so we cannot calculate the strengths of the transitions at 896.7 MHz directly. However, we can make an estimate based on the π pulse lengths used in our experiments. This gives a value of about 100 MHz/T.
As we have previously noted [11] , additional information at low magnetic fields will significantly improve the predictive power of the ground state spin Hamiltonian parameters. Currently one component of the hyperfine tensor has an uncertainty as large as 45 MHz [11] . Recent EPR measurements taken with a Josephson bifurcation amplifier [31] confirm this. Our data is ideal for resolving these discrepancies as it yields narrow spectral lines and we are able to measure spectra with or without an applied magnetic field.
Using Raman heterodyne, we can determine transition frequencies at a high resolution, where we have typically measured linewidths on the order of 5 MHz and as low as 100 kHz in the case of the transitions at 896.7 MHz. The 100 kHz value is much narrower than the linewidths obtained through conventional EPR, which are on the order of 10s of MHz [10] . This is in line with the observation that ZEFOZ transitions tend to have narrow inhomogeneous linewidths [23, 27] . Presumably the same mechanisms also apply to transitions like those at 879.4 and 896.7 MHz with a small first order Zeeman shift. Standard EPR cannot easily detect these transi-tions due to the minimal sensitivity of the transitions to changes in magnetic fields.
We have also observed other hyperfine spectra from the excited state besides those shown in Fig. 2 . The hyperfine structure of the excited state is largely unknown, so this low field data will be of great benefit to anyone trying to determine the spin Hamiltonian for that state.
To conclude, we have used Raman heterodyne spectroscopy to measure hyperfine spectra from the ground and excited states of 167 Er 3+ :Y 2 SiO 5 as well as to detect spin echoes from both states. Our measurements of the coherence time at zero field are approximately 100 times longer than previous measurements for the same Er 3+ concentration at zero field [9] , and 200 times longer than the coherence time used to demonstrate a microwave memory using the even isotopes of erbium [8] [33] .
